[1] Aerosol indirect effects are quantified as a function of cloud top pressure over India and the Indian Ocean in February and March 2003-2005 from analyses of moderate resolution imaging spectroradiometer (MODIS) radiances, reflectance, and aerosol optical depth data. We test the hypothesis that aerosol indirect effects are present throughout the troposphere. Theoretical cloud reflectance values are calculated by application of the discrete-ordinate DISORT multiple scattering program, as a function of cloud top pressure, aerosol optical depth, and cloud phase (i.e., liquid droplets and cloud ice), and are compared to MODIS cloud reflectance data at 1.38 and 3.75 mm. Aerosol indirect effects are apparent for pressure levels associated with liquid droplets; that is, derivatives of cloud reflectance with respect to aerosol optical depth at 3.75 mm for liquid droplets over land and ocean are larger than corresponding derivatives associated with theoretical aerosol direct effects. Aerosol indirect effects are not apparent for pressure levels associated with tropospheric ice crystals.
Introduction
[2] As reviewed by Lohmann and Feichter [2005] , aerosols have a multitude of atmospheric effects. Aerosols directly scatter and absorb atmospheric radiation, and this effect is called an aerosol direct effect. Aerosols also serve as cloud condensation nuclei (CCN) for liquid cloud droplets and ice nuclei for ice crystals. Twomey [1977] pointed out that increased aerosol concentrations could enhance cloud reflectance since more CCN will produce a larger number of smaller yet more reflective cloud droplets, given a fixed amount of liquid water content. This is called an aerosol indirect effect and is expected to have a cooling effect on the climate due to an increased global cloud reflectance. Smaller cloud droplets reduce precipitation rates and therefore may enhance cloud lifetimes [Albrecht, 1989] , and this effect is referred to as a second indirect effect. A semidirect effect, in which increased absorption of solar radiation by aerosols decreases droplet lifetimes [Graßl, 1979] , has also been hypothesized.
[3] Uncertainties in the magnitude of aerosol indirect effects on the global scale are large. The 2001 International Panel on Climate Change stated that the radiative effect of the aerosol indirect effect from 1760 to the present is on the order of 0 to À2 W/m 2 [Ramaswamy et al., 2001] . This uncertainty is almost as large as the positive 2.4 W/m 2 global mean radiative forcing of the climate system by the greenhouse gases CO 2 , CH 4 , N 2 O, and the halocarbons for the year 2000 relative to 1760.
[4] In situ sampling has demonstrated the reality of aerosol indirect effects. Heymsfield and McFarquhar [2001] quantified the microphysical properties of tradewind cumulus clouds over the Indian Ocean during 18 aircraft research flights during the Indian Ocean Experiment (INDOEX) campaign in February -March 1999. Droplet concentrations were larger by a factor of 3 (316 versus 89 cm À3 ), and droplet effective radii were 35% smaller in polluted regimes (5.8 versus 7.9 mm), compared to lowcondensation nuclei regimes in clean air south of the intertropical convergence zone. Ackerman et al. [2000] noted that INDOEX observations and model simulations demonstrate that daytime clearing of tropical cloudiness is accelerated by solar heating in sooty haze.
[5] Feingold et al. [2003] studied the aerosol indirect effect for shallow nonprecipitating stratocumulus clouds from ground-based instrumentation at the Atmospheric Radiation Measurement (ARM) site in Oklahoma using cloud radar and microwave radiometer measurements of cloud-drop effective radii (r e ) and Raman lidar measurements of aerosol extinction (a) below cloud base at 355 nm. Derivatives ranged between 0.07 and 0.11 over the ARM site. The IE derivative is a measure of the change in effective cloud droplet radius with respect to changes in aerosol optical depth.
[6] On a regional scale, Kruger and Graßl [2002] analyzed the Advanced Very High Resolution Radiometer (AVHRR) Channel 2 (0.75-1.1 mm) frequency distributions of cloud reflectance over central Europe from 1985 to 1999, binned in 3-year increments, and determined that cloud reflectance decreased by 2.8% during winter (NovemberFebruary) . This change in reflectance is attributable to a decrease in SO 2 emissions by 50% during 1985-1999 and subsequent decrease in aerosol loading.
[7] Han et al. [1994] analyzed AVHRR data on a global scale to demonstrate that cloud droplet radii in continental water clouds are 2-3 mm smaller than in marine clouds (i.e., ocean r e = 11.8 mm versus land r e = 8.5 mm), and droplet radii are about 1 mm smaller in marine clouds in the Northern Hemisphere than in the Southern Hemisphere. Breon et al. [2002] used global Polarization and Directionality of the Earth Reflectance (POLDER) data to determine that cloud droplet radii varied from a mean of 14 mm over remote tropical oceans to 6 mm over highly polluted regions. Figure 1 of Breon and Colzy [2000] displays droplet radii over India, offshore of India, and over the equatorial Indian Ocean on the order of 7 -9, 10, and 14 mm, respectively. IE values derived from POLDER data had a global average of 0.085. AVHRR aerosol indirect effects were also studied on the global scale by Nakajima et al. [2001] . On the basis of their determination of the scaling between cloud droplet (N d ) and aerosol number density (N a ; i.e., N d / N a 0.5 ), IE $ 0.17 [Rosenfeld and Feingold, 2003] .
[8] Differences in the above determinations of the magnitude of the aerosol indirect effect are due to both instrumental and cloud dynamics/microphysics considerations. Rosenfeld and Feingold [2003] pointed out that the POLDER experiment is sensitive to clouds with a narrow size distribution and measures more broken cloud and thinlayer clouds than AVHRR, and that AVHRR measures more convective clouds. Since different cloud types are associated with different cloud dynamics/microphysics (e.g., the height above cloud base for which diffusional growth dominates, and the fact that the relationship between N d and N a is related to the strength of the updraft velocity at cloud base), IE differences are expected between cloud types and geography (i.e., land versus ocean). Kruger et al. [2004] analyzed AVHRR reflectance data over central Europe and determined that stratus cloud reflectance was 13% larger in November and December 1981 -1984 , and cumulus cloud reflectance was 4% larger, than the 1981 -1999 average. These differences are attributed in the work of Kruger et al. [2004] to cumulus clouds being more efficient in the removal of pollution by active wet deposition processes in unstable boundary layers.
[9] While the summary discussion above focuses upon lower tropospheric clouds, the impact of aerosol indirect effects in the upper troposphere is also of interest. Sherwood [2002a Sherwood [ , 2002b hypothesized a causal connection between stratospheric humidity, relative humidity near the tropopause, ice crystal size in towering cumulus clouds, and aerosols associated with tropical biomass burning. Enhancements in aerosol loading and smaller ice crystals are a key link in this hypothesis, so the confirmation of aerosol indirect effects in the upper troposphere is necessary to validate the Sherwood hypothesis.
[10] Aerosol indirect effects may not produce smaller ice crystals in the upper troposphere. Chylek et al. [2006] analyzed archived moderate resolution imaging spectroradiometer (MODIS) effecti ud droplet and ice crystal radii for 60-95°E and from 15°S to 25°N over five Septembers from 2000 to 2004 (characterizing the time of clean air) and five Januarys from 2001 to 2005 (characterizing the time of anthropogenic pollution). Smaller water droplets are observed during the winter months, compared to the cleaner summer months, in agreement with the expected aerosol indirect effect. Larger ice crystals, however, are observed during the winter months, contrary to the expected aerosol indirect effect. They attribute this result, which they are able to replicate using a general circulation model simulation, to the influence of heterogeneous ice nucleation (that activates nucleation at a warmer temperature and at a lower supersaturation than that of homogeneous nucleation). Since in this case homogeneous ice nucleation is not operative, a smaller number of ice particles are formed that are larger in size than those normally produced by homogeneous nucleation.
[11] If aerosol indirect effects are present in the troposphere, then it is reasonable to assume that these effects will be present throughout the troposphere. Cloud microphysical processes that determine cloud droplet radii inside a cloud are influenced by the microphysics that is initiated at cloud base, and this influence proceeds throughout the cloud as air parcels rise upward and change phase from liquid to ice. Since the MODIS experiment determines cloud top pressure and temperature, it is possible to bin cloud reflectivity as a function of cloud top pressure, and therefore test the hypothesis that aerosol indirect effects are present throughout the troposphere.
[12] We focus on regions over and offshore of India between 29°S and 29°N, and 60°E and 94°E longitude, during the months of February and March 2003 -2005 . These months are selected because they correspond to an intensive time period of the INDOEX field experiment, for which cloud, aerosol properties, and aerosol indirect effects have been previously documented, and also due to the relative absence of dust storm events during this time of the year.
[13] The outline of our paper is as follows. In section 2, we discuss the MODIS experiment, MODIS aerosol 0.55-mm optical depths (t aer ), and 1.38-mm cloud reflectance data, and how we use MODIS visible and infrared radiances to derive cloud reflectance at 3.75 mm. We analyze reflectance data at 1.38 and 3.75 mm since the derivative of cloud reflectance (R), with respect to aerosol optical depth, is a function of both cloud particle radius and wavelength (i.e., derivatives of the asymmetry parameter and the single-scattering albedo, with respect to cloud particle radius, are wavelength-dependent). We demonstrate that derivatives dR/dt aer at 3.75 mm are larger than those at 1.38 mm. Probability distribution functions (pdfs) for several binned ranges of t aer and the averages of the pdfs of cloud reflectance at 1.38 and 3.75 mm are presented in section 3 over ocean and land, for pressure ranges corresponding to liquid droplets and ice crystals. Theoretical multiple-scattering calculations using the discrete-ordinate DISORT program [Stamnes et al., 1988 [Stamnes et al., , 2000 are presented in section 4 and are compared to averages of the histograms discussed in section 3. Finally, in section 5, we state our conclusions.
MODIS Data
[14] MODIS aerosol optical depths, radiances, and cloud reflectance data are used in this study to quantify changes in We analyze the aerosol optical depths of the Aqua MODIS MYDATML2 ''joint product'' data files, which are archived at a horizontal resolution of 10 km.
[15] The MODIS lookup table retrieval of t aer at 0.55 mm uses channels in the wavelength range from 0.47 to 2.1 mm, which provide spectral information about aerosol optical properties and underlying surface characteristics [Kaufmann et al., 1997] . Different retrieval procedures are followed over ocean and land. Validation studies comparing measurements made by MODIS and those by the Aerosol Robotic Network Sun photometers are discussed by Chu et al. [2003] . Satisfactory retrieval accuracy is obtained over vegetated and semivegetated regions, with t aer retrieval errors equal to 0.05 + (0.20 t aer ). MODIS and Sun photometer aerosol optical depths at 0.66 and 0.47 mm have correlation coefficients of 0.91 and 0.82, respectively, for a global sampling of 3384 data points.
[16] Gao and Kaufman [1995] discussed the selection of the 1.38-mm MODIS channel that is used for the detection of cirrus clouds. When one compares 0.55-and 1.38-mm nadir images of a cloud field at $1-km horizontal resolution, the 0.55-mm image typically shows lower tropospheric cloud features, made visible by the backscattering of incident solar light [see Gao and Kaufman, 1995, Figure 1] , and upper tropospheric cirrus clouds. In contrast, the 1.38-mm image only shows upper tropospheric cirrus since water vapor absorption is strong in the lower troposphere. The MODIS reflectance at 1.38 mm is scaled to a reference wavelength of 0.66 mm by applying a scaling based upon a graph of 0.66-to 1.38-mm reflectance. As discussed by Gao et al. [1998] , this scaling technique was motivated by analysis of Airborne Visible Infrared Imaging Spectrometer (AVIRIS) observations. Gao et al. [1998] established that cirrus reflectance for AVIRIS channels between 0.4 and 1.0 mm is linearly related to cirrus reflectance at 1.375 mm, and the scale factor relating the two reflectance values is the 1.375-mm transmittance of water vapor above and within the cirrus clouds. The MODIS cirrus reflectance is labeled as a 0.66-mm data product in the MYDATML2 ''joint product'' metafiles. In our paper, we refer to the MODIS cirrus reflectance data product as ''1.38-mm'' data to emphasize the wavelength origin of the data. In the theoretical calculations presented in section 5, our 1.38-mm reflectance values are divided by theoretical 1.38-mm transmittances (i.e., as calculated using the MODTRAN [Berk et al., 1989] standard tropics case) to conform to the MODIS processing technique.
[17] MODIS visible and infrared radiances are also used to derive a 3.75-mm cloud reflectance product since there is a wavelength dependence of derivatives of cloud reflectance (R) with respect to cloud particle radius (r). We follow the methodology of Rosenfeld and Lensky [1998] , which we briefly review. A cloudy pixel is identified by noting when the visible (0.65 mm) reflectance is greater than 0.4, and when the brightness te ure difference (BTD) between infrared 10.8-and 12. Rosenfeld and Lensky, 1998, equation (3) ]. Both of these terms are related to the 3.7-mm cloud reflectance (R 3.7 ), upward transmission above the cloud (t 3.7 ), total downward and then upward transmission of sunlight above the cloud (t 3.7 0 ), cosine of the solar zenith angle (m 0 ), and extraterrestrial solar flux (F 0 ). The solar spectrum of Lean [2000] is used to specify F 0 . The 10.8-mm radiance is used to determine the cloud top temperature T c , which is then used to calculate the cloud emission Planck function at 3.75 mm (B 3.7 (T c )). The solution for the cloud reflectance from equation (3) of Rosenfeld and Lensky [1998] 
is applied with t 3.7 set equal to unity and t 3.7 0 equal to exp[À0.4 (PW/PW s mm 0 )]. The cosine of the observation angle is m, whereas PW is equal to 0.837 Â BTD.
[18] Daily files of 3.75-and 1.38-mm reflectance and aerosol optical depths were processed on a 0.2°Â 0.2°l atitude-longitude grid between 29°S and 29°N, and 60°E and 94°E longitude during the months of February and March 2003 -2005 . The aerosol optical depths used in the analyses are 2°Â 2°averages surrounding the 0.2°Â 0.2°g rid point. This averaging process typically includes $200 individual nonzero aerosol optical depths within the 2°Â 2°r egion. The daily files also contained a number of other parameters: zenith and azimuth angles for the sun and satellite, cloud optical depth, cloud effective radius, cloud top pressure and temperature, and precipitable water values from two sets of spectral bands.
[19] Since our goal is to determine if aerosol indirect effects occur throughout the troposphere, the data files are analyzed in four tropospheric pressure bins. We distinguish data points over the ocean and land because there are differences in the dynamics associated with the two geographical regimes. Droplet activation is influenced by the updraft velocity, this unknown parameter differs over land and ocean, and cloud type is dependent upon the updraft velocity.
[20] The four pressure ranges are stated in Table 1 , along with the phase and average temperature associated with each bin and the number of observations in each of the pressure bins over land and ocean. The cloud optical depth range of 4 -10 is emphasized in this paper since DISORT calculations demonstrate in section 4 that cloud reflectance is insensitive to changes in aerosol optical depth and changes in gas opacity for this range of optical depth. The daily data files contained approximately 163,000 and 70,000 data elements over the ocean and land. Data elements were screened for aerosol optical depths between 0.01 and 0.50. Further screening for cloud optical depths between 4 and 10, scattering angles less than 50°, and cloud reflectance values greater than 0.01 produced approximately 61,000 and 11,000 data elements over ocean and land, respectively. Our conclusions are weighted preferentially by the data points over the ocean since there are roughly six times more data points over ocean than land.
Observed Cloud Reflectance
[21] Probability distribution functions of our retrieved 3.75-mm and archived 1.38-mm cloud reflectance over the ocean and land are presented for three 0.55-mm aerosol bins (i.e., 0.01 -0.15, 0.15 -0.30, and 0.30-0.50) in Figures 1 and 2. The pdfs are for the 900-398 and 398 -158 hPa pressure ranges for water droplets and ice crystals, respectively. The pdfs for water droplets for aerosol optical depths between 0.0 and 0.15 for the 3.75-mm data over the ocean and land are shifted noticeably toward larger cloud reflectance values. Such shifts are not present for the pdfs associated with the ice crystal pressure range. The pdfs in Figure 1 over land exhibit a less smoothed appearance than the pdfs over the ocean due to the difference in the total number of data elements over land and ocean (see Table 1 and discussion above).
[22] Figure 2 presents the pdfs for the MODIS joint product reflectance data. The pdf over the ocean for the water droplets for the largest aerosol bin has a slight shift toward larger cloud reflectance, whereas the pdfs for the ice crystals do not exhibit any discernable shift in reflectance. The land pdfs in Figure 2 have a jagged appearance. There are only 261 data points that comprise the 398-900 hPa pdf over land for the 0.01-0.15 aerosol bin, so this particular pdf can be ignored.
[23] Comparisons of Figures 1 and 2 reveal that the pdfs over the ocean for the 900-398 hPa range for the 3.75-mm data have larger shifts, as aerosol optical depth increases, than those for the MODIS joint product 1.38-mm reflectance data. As discussed in section 4, changes in the cirrus particle single-scattering albedo and asymmetry parameters, with respect to increases in particle size, are larger at 3.75 mm than at 1.38 mm, and t ical radiative transfer calculations confirm the differences in the relative reflectance shifts for the two wavelength regions.
[24] Figure 3 displays pdfs of 3.75-mm MODIS cloud reflectance for February -March 2005 over the ocean for pressure levels below (431-285 hPa) and above (267-90 hPa) the homogeneous freezing level, a pressure level corresponding to a temperature of À35°C. Rosenfeld and Woodley [2000] and Heymsfield et al. [2005] showed that in deep convection, cloud droplets freeze via homogeneous ice nucleation when transported to levels where the temperatures are between À35.5 and À37.5°C. In cirrus formed in situ, (activated) cloud droplets will freeze at temperatures close to À37°C, although concentrated solution droplets (haze) particles freeze homogeneously at lower temperatures. In contrast to the panels in Figure 1 that correspond to the conditions of pressure and temperature for which liquid droplets exist, and for which the peaks of the pdfs shift to larger reflectance values as aerosol increases, there are no noticeable shifts in the pdfs in Figure 3 . This implies that there does not appear to be brightening of cloud reflectance for that portion of the troposphere that is associated with homogeneous nucleation.
[25] Mean averages of the data elements that were used to create the pdfs of Figures 1 and 2 Figure 4 for the 3.75-mm data for the pressure ranges 900-630 and 630-398 hPa that are associated with water droplets (i.e., temperatures warmer than À10°C). For the pressure ranges 398-251 and 251-158 hPa in Figure 4 that are associated with ice crystals (i.e., temperatures colder than À10°C), the [26] Discernable shifts in the average curves for the 1.38-mm data in Figure 5 are not apparent. The average curve over land for the two topmost pressure ranges in Figure 5 for the 0.01 -0.15 aerosol bin likely stands out due to the few data element ciated with the curve. Ninety- [27] Cloud reflectance pdfs at 3.75 mm (not shown) for the cloud optical depth range 0 -10 look very similar to those presented in Figure 1 , in that the location and relative shifts in the peaks of the cloud reflectance pdfs for the two samplings of data points are very similar. Our conclusions, which place an emphasis upon data analyzed for the optical depth range 4 -10, are consistent with the pdfs for the full range of cloud optical depth.
[28] On the basis of an examination of Figures 1 -5 , our analyses support the following statement: cloud reflectance increases with an increase in aerosol optical depth at cloud top pressure levels associated with liquid droplets, whereas cloud reflectance does not increase with an increase in optical depth at pressure levels associated with ice crystals.
DISORT Calculations
[29] In this section, we use the discrete-ordinate DISORT multiple scattering code to calculate cloud reflectance for aerosol direct and indirect effects. Aerosol direct effects are calculated for three bins of aerosol optical depth (i.e., 0.075, 0.22, and 0.40), keeping cloud optical depths and particle radii [and therefore cloud asymmetry (g) and singlescattering albedo (w) parameters] fixed. Aerosol indirect effects are calculated by changing aerosol optical depths and the g and w cloud parameters for fixed cloud optical depths.
[30] There are many parameters that determine the radiation field sensed by the MODIS experiment: gas and cloud vertical profiles of optical depth and temperature, solar and satellite zenith and azimuth angles, and cloud asymmetry and single-scattering albedo values. For a given change in cloud particle radius (r), wavelength-dependent derivatives of dg/dr and dw/dr produce derivatives of reflectance dR/dr that are also wavelength-dependent. We present a discussion of the asymmetry parameters and single-scattering albedos of water droplets and ice crystals at several wavelengths to point out that dR/dr values are expected to be larger at 3.75 mm than at 1.38 mm.
[31] Figure 6 presents curves of g and w at 0.65, 1.38, and 3.75 mm as a function of particle radius for liquid droplets and maximum crystal size for ice crystals. The liquid droplet parameters were calculated using the Mie code of Bohren and Huffman [1983] and water refractive indices [Palmer and Williams, 1974; Downing and Williams, 1975] . Ice crystals have a variety of habits (e.g. column, plate, bullet, and aggregate shapes). The g and w curves in Figure 6 are an average of the seven habit g and w curves calculated by Wyser and Yang [1998] . Wyser and Yang [1998] used ray-tracing techniques to calculate scattering parameters at 24 wavelength bands from 0.25 to 4.00 mm for randomly oriented crystals. The calculation of Wyser and Yang [1998] at 1.35 mm is used to represent g and w parameters at 1.38 mm. [32] Examination of the curves in Figure 6 for particle radii between 6 and 20 mm reveals that dg/dr and dw/dr derivatives are larger at 3.75 mm than corresponding derivatives at 0.65 and 1.38 mm. It is therefore expected that changes in cloud particle radius that are due to aerosol indirect effects will produce larger changes in cloud reflectivity at 3.75 mm than at 0.65 or 1.38 mm.
[33] We apply the DISORT multiple-scattering program in the following manner. Temperature and gas optical depth vertical profiles at 0.65, 1.38, and 3.75 mm correspond to the MODTRAN [Berk et al., 1989 ] standard tropics case. Cloud and aerosol optical depths are uniformly distributed between 900 hPa and cloud top for four independent sets of calculations for the pressure ranges 900 -630, 900 -398, 900 -251, and 900-158 hPa. specific calculation, e.g., the 900-158 hPa case, different particle radii and diameters are specified in the pressure bins 900 -630, 630-398, 398-251, and 251-158 hPa. The specified particle droplet radii and crystal diameters are used in conjunction with Figure 6 to specify liquid droplet g and w parameters for pressures less than 398 hPa, and ice crystal g and w parameters are specified for pressures between 398 and 158 hPa. Equation (2) is applied to solve for the cloud reflectance, at a fixed solar zenith angle of 25°, with t 3.7 set equal to unity, cloud top temperatures equal to those tabulated in [Salisbury and D'Aria, 1994; Bowker et al., 1985] . The solar spectrum of Lean [2000] is used to specify top-of-the-atmosphere solar irradiances. DISORT is run with eight streams and 20 layers each of 1-km vertical thickness.
[34] The DISORT calculations readily produce the general shapes of the curves and cloud reflectance (R) values presented in Figures 4 and 5. Theoretical cloud reflectance decreases (increases) with a decrease in atmospheric pressure in the 3.75-and 1.38-mm calculations, respectively, given the same specifications of water droplet and ice crystal radii (r). Differences in the shapes of the curves are due to particle considerations (i.e., g and w) and also due to differences in the wavelength-dependent gas opacity. Atmospheric transmission at 1.38 mm decreases quickly as pressure increases, whereas atmospheric transmission varies little with pressure at 3.75 mm. Consistent with the discussion of Figure 6 , the DISORT calculations have larger derivatives dR/dr at 3.75 mm than at 1.38 mm due to the derivatives of g and w with respect to particle radius.
[35] Since the MODIS aerosol optical depth is referenced to 0.55 mm, and aerosol optical depths vary as a function of wavelength, we scale 0.55-mm optical depths to the 1.38-and 3.75-mm wavelengths. As discussed by Chu et al. [2003] , the wavelength scaling (l/0.55) ÀA has an Angstrom coefficient A < 0.6 for desert dust a salt, whereas A > 1.5 for the presence of man-made pollution or biomass burning aerosol. We use an Angstrom coefficient of 1.5 to scale the MODIS optical depths in our theoretical calculations.
[36] Figure 7 presents DISORT theoretical curves of cloud reflectance for several representative water droplet and ice crystal diameters. These sizes are reasonable since POLDER determinations of cloud droplet effective diameters over India and offshore of India are between 14 and 20 mm [Breon and Colzy, 2000] , and ice crystals measured at temperatures near À49°C during the CRYSTAL-FACE experiment had an average diameter of 20 mm and a range of 2-40 mm [Garrett et al., 2003] . There are three curves in Figure 7 corresponding to aerosol optical depths of 0.075, 0.22, and 0.40. Cloud optical depths (t c = 6) and the g and w parameters are fixed in the calculations. The differences in the curves quantify the range in cloud reflectance due to aerosol direct effects. Since we use a cloud optical depth in the DISORT calculation that is appreciably larger than observed MODIS aerosol optical depths, the aerosol direct effects are small. The vertical variations in cloud reflectance with respect to cloud top pressure in Figure 7 are similar to those displayed in the MODIS observations of Figure 4 for the ocean data.
[37] While we do not know the vertical variations of the aerosol profiles over land and ocean that are associated with the conditions associated with the MODIS observations, the small sensitivity of the reflectance curves in Figure 7 to aerosol optical depth indicates that the vertical variations will not produce significant differences in the reflectance values since large cloud optical depths dominate the radiative transfer. It has been previously established, however, that there are differences in the vertical gradients associated with the vertical profiles of CCN over land and ocean [Hoppel et al., 1973] . Over continental regions, the CCN counts decrease with altitude, whereas over the ocean, the vertical gradients in CCN counts generally are slight in the midtroposphere. Micropulse lidar observations of aerosol during the 1999 INDOEX field program indicated that aerosols were influenced by continental sources and were concentrated at altitudes below 4 km [Welton et al., 2002] . If we selected cloud optical depths that were small in magnitude, then the details of the land and ocean aerosol profiles would need to be considered.
[38] The droplet and cirrus sizes in Figure 7 also compare reasonably well with in situ sampling by particle size distribution probes. Figure 8 presents cloud particle radii and number densities that were measured by a Forward Scattering Spectrometer Probe (FSSP-100) on 18 March 1999 during the INDOEX campaign at 72.2°E longitude and 3.6°N latitude, a location offshore of India. At cloud base, at an altitude near 1 km, the cloud nuclei concentration is representative of dirty conditions, with values in excess of 300 cm À3 . The aircraft performed spiral ascents and descents in a cloud with a width and height of 10 and 5 km, respectively. Measured cloud radii varied between 4 and 14 mm in the upper portion of the cloud, with a concentration weighted average radius of 7.3 mm. The leftmost and rightmost ''S'' symbols correspond to the range of MODIS droplet radii (9 -11 mm) presented in Figure 10 . Theoretical cloud reflectance at 3.75 mm for a cloud optical depth t c = 6 and for three aerosol optical depths at 0.55 mm. The aerosol optical depths at 3.75 mm were scaled by application of an Angstrom exponent of 1.5. The application of the DISORT program calculated aerosol direct effects since the cloud g and w parameters at a given cloud top pressure are fixed at all three aerosol bins. Approximate liquid droplet diameters at 630 and 398 hPa and crystal dimensions (maximum crystal and volume/ projected area values) at 251 and 158 hPa are stated in micrometers.
clean to dirty conditions in trade-wind cumulus, 5.8-7.9 mm [see Heymsfield and McFarquhar, 2001] , is denoted by the ''A -A'' symbol in Figure 8 . The range in radii measured by the aircraft probes indi that pdfs of cloud reflectance, such as those presented in Figure 1 , are expected to have substantial widths.
[39] Though the crystal radii specified in Figure 7 are reasonable, they are approximate. For a given value of g at 3.75 mm, each of the habits of the g curves of Wyser and Yang [1998] is associated with a different maximum crystal size value. Since we do not know the habit type that predominates in the upper troposphere, there is a range of diameters, and therefore diameter uncertainty, that can produce a given g value. Table 2 presents the g and w parameters associated with the DISORT calculations presented in Figure 7 and the range in crystal dimensions (maximum crystal size and volume/projected area values) of the seven crystal habits corresponding to the specific g values.
[40] Sensitivity to the choice of the Angstrom A coefficient, used in scaling the visible aerosol optical depths to infrared wavelengths, is modest. If an Angstrom A coefficient of 0.6 is used, a value representative of sea salt and desert dust, then the cloud reflectance values at 630 and 398 hPa for the three aerosol bins increase by less than 1%. The utilization of A $ 0.6, however, is not warranted. Average MODIS joint product aerosol ''fine-mode'' fraction values are 0.7 and 0.6 over land and ocean during February and March 2003 -2005, respectively , indicating the predominance of fine aerosol particles over both land and ocean. Angstrom coefficients, determined from 532-and 800-nm lidar measurements at the INDOEX Hulhule, Maldives site during March 1999 and March 2000, varied between 0.9 and 1.6 for the polluted marine boundary layer for air masses originating from Southeast Asia, North India, and South India [Franke et al., 2003] .
[41] Figure 9 illustrates the sensitivity of theoretical cloud reflectance to changes in cloud optical depth. Input parameters include a fixed aerosol optical depth of 0.4, fixed g and w parameters, and fixed gas optical depths. These curves were used to derive a correction procedure by which individual cloud reflectance (R) data are normalized to a reference cloud optical depth t c = 6, i.e.,
When this correction procedure is applied to the MODIS observations, the resulting cloud reflectance data (e.g., pdfs) are very similar to the uncorrected reflectance data. Averages of the two sets of cloud reflectance pdfs differ by $0.2. Since the original Twomey effect is stated on the basis of changes in cloud reflectance for fixed liquid water path, and cloud optical depth and liquid water path are interrelated quantities, we feel that the similarity between the corrected and uncorrected reflectance values ensures that the observed differences in the pdfs of Figures 1 and 2 are not due to differences in cloud optical depth nor liquid water path.
[42] Wavelength differences in the Q ext Mie efficiency factors at 3.75 and 0.65 mm introduce a small effect on inferred cloud reflectance values. Mie calculations of the extinction efficiency Q ext at 3.75 and 0.65 mm for spherical ice crystals yield ratios of the efficiency factors at 3.75 to 0.65 mm that vary between 0.99 and 1.16 for ice particle Figure 8 . In situ aircraft observations of particle radii on 18 March 1999 during the INDOEX field campaign. FSSP-100 particle radii and number densities are given by the closed circles, and the range of cirrus radii from clean to dirty conditions discussed by Heymsfield and McFarquhar [2001] is denoted by the ''A -A'' symbol. The ''S -S'' symbol denotes the range of average pdf cloud droplet radii observed by MODIS over the ocean during 2003-2005 (see Figure 10 ) that corresponds to the three aerosol bins of Figure 4 ; that is, aerosol indirect effects alter cloud droplet radii by this radii range. Note that the cloud nuclei number density near cloud base at an altitude of $1 km is high, between 300 and 350 cm À3 .
effective radii greater than 14 mm. An increase in cloud optical depth from 6 to 7 (= 6 Â 1.16, see the curves corresponding to t c equal to 6 and 8 in Figure 9 ) shifts the cirrus cloud reflectance values only by 0.4%, and therefore we use wavelength-independent values of cirrus optical depth in the DISORT calculations.
[43] Figure 10 displays theoretical curves of cloud reflectance over ocean and land that have reflectance values similar to the MODIS observations presented in Figure 4 . Cloud optical depths are fixed in Figure 10 , whereas particle diameters are varied to produce g and w parameters that yield an approximate agreement between observation and theory. The droplet and cirrus diameters are stated in micrometers and are designated by numbers adjacent to the curves in the two panels of Figure 10 . The main point of Figure 10 is that changes in particle radii produce changes in cloud reflectance that are larger than those associated with aerosol direct effects (see Figure 7) .
[44] The diameters associated with Figure 10 are considered approximate since equation (2) is approximate, and (as discussed in section 1) different satellite experiments focus upon different cloud types due to radiative transfer considerations. Breon and Colzy [2000] used POLDER observations to measure droplet diameters over India, offshore of India, and over the equatorial Indian Ocean on the order of 14 -18, 20, and 28 mm, respectively. Since the majority Table 2 . Asymmetry (g) and Single Scattering Albedo (w) Parameters Associated With Figure 7 and Figure 9 . DISORT calculations of the dependence of the cloud reflectance upon cloud optical depth, calculated at a wavelength of 3.75 mm. Cloud particle diameters and aerosol column optical s are fixed. of the MODIS aerosol observations in our study are over land and offshore of India (and not over the cloudy equatorial region), Figure 10 diameter ranges of 14-17 mm over land and 18-22 mm over the ocean at 630 hPa are reasonable. The radii and optical depths associated with Figure 10 yield IE derivatives À@(ln r e )/@ln t aer (0.55 mm) equal to 0.11 and 0.11 over ocean and land, respectively, for water droplets (i.e., the 630-900 hPa range). These values are similar to values in the IE range 0.07-0.11 calculated by Feingold et al. [2003] over the Oklahoma ARM site.
Conclusions
[45] For a given change in particle diameter, due to the presence of aerosol indirect effects, it is expected that changes in cloud reflectance at 3.75 mm will be larger than changes at 1.38 mm. This follows from consideration of the differences in the curves of the particle asymmetry (g) and single-scattering albedo (w) parameters at 0.65, 1.38, and 3.75 mm that are presented in Figure 6 . The pdfs presented in Figures 1 and 2 exhibit larger shifts in cloud reflectance, with respect to changes in t aer , at 3.75 mm than at 1.38 mm that are consistent with these considerations.
[46] Shifts in the pdfs presented in Figure 1 , with respect to changes in aerosol optical depth, are readily apparent for the pressure and temperature levels associated with water droplets (900-398 hPa, temperatures warmer than À10°C). Since changes in reflectance with respect to t aer for the water droplets are larger than those due to direct aerosol effects (see Figure 7) , it is necessary to invoke aerosol indirect effects (see Figure 10 ) to obtain approximate agreement between observation and theory for the water droplets. The diameters associated with the water droplets (14 -17 mm over land and 18 -22 mm over the ocean, see Figure 10 ), and the IE derivatives of 0.11 and 0.11 at 630 hPa over ocean and land, are reasonable in magnitude.
[47] In contrast, reflectance shifts for the 398 -168 hPa pressure range associated with ice crystals are not apparent. The upper right panels of Figures 1 and 2 , which present pdfs of cloud reflectance over the ocean at 3.75 and 1.38 mm, do not display noticeable shifts in cloud reflectance for the three aerosol bins for the optical depth range 0.01 -0.50. One concludes for the MODIS observations in February and March 2003 -2005 that aerosol indirect effects are not present for pressure levels associated with ice crystals; that is, changes in the averages of the cloud reflectance pdfs are very small for the ice crystals.
[48] Sherwood [2002a] hypothesized that there is a microphysical connection between biomass burning, cumulus clouds, and stratospheric moisture; that is, more aerosols lead to smaller ice crystals and more water vapor transport into the stratosphere. Sherwood [2002a] analyzed halogen occultation experiment (HALOE) water vapor mixing ratios from 1992 to 1998 and International Satellite Cloud Climatology Project radiances [Sherwood, 2002b] Figure 4 over land and ocean do not consistently show that D e decreases as aerosol increases.
[49] Our calculations, and those of Chylek et al. [2006] , are contrary to the expectation that increases in aerosol amount will always lead to more reflective cloud droplets and ice crystals. Chylek et al. [2006] noted that larger ice crystals (i.e., less reflective clouds) are present in the archived MODIS data files for the polluted winter months. Our work with the pdfs of 3.75-mm cloud reflectance data, derived independently of the MODIS effective cirrus radii archive, indicates that shifts in the pdf averages of ice crystal reflectance values are small. Further analyses of data from other locations and times are necessary to resolve the differences between the two studies.
[50] Both studies implicitly assume that the pdfs of updraft velocity, a microphysical parameter that has a large influence on ice microphysics, are similar for the different temporal and aerosol binned subsets that are sampled. The number of ice particles that are nucleated is proportional to the updraft velocity [see Karcher and Lohmann, 2002, equation (11a) ]. Changes in the pdfs of the updraft velocity undoubtedly will produce differences in the pdfs of cloud reflectance.
[51] It should also be kept in mind that the MODIS observations do not determine the vertical structure of clouds or the aerosol profile. We have assumed that the clouds associated with the MODIS data are predominantly contiguous features throughout the troposphere, and that the aerosol content at cloud base is the primary boundary condition that determines cloud particle size and number density throughout the cloud for both water droplets and ice crystals. If the cirrus clouds and water clouds are not vertically contiguous, then the lower boundary condition of aerosol optical depth may not influence cloud characteristics in the upper troposphere since this lower-level aerosol may not be present in the higher clouds. Cloud structure and aerosol profiles will be measured by the microwave CLOUDSAT and lidar CALIPSO satellite experiments, and these measurements will be very useful to clarify this uncertainty.
